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I. INTRODUCTION
In the Wendelstein 7-X stellarator 1 low-order rational flux surfaces are avoided in the plasma core by its low-shear concept since these can cause the formation of magnetic islands.
In turn, such resonant flux surfaces are placed at the plasma edge forming an island divertor configuration. These special device characteristics can be destroyed by a small bootstrap current which has to be compensated by Electron Cyclotron Current Drive (ECCD) 2 , where the resonant interaction of electrons and incident radio-frequency-waves drives a parallel current 3 . The Electron Cyclotron Resonance Heating (ECRH) system of the Wendelstein 7-X stellarator is designed for ten gyrotrons each with a power up to 1 MW at a wave frequency of 140 GHz at continues operation 4 . The two main ECRH/ECCD scenarii are heating and current drive with the X2-mode for low and moderate densities and the O2-mode for high densities, which are both investigated in this paper.
The efficiency of current drive by microwave injection, defined by the generalized Spitzer function using the adjoint approach 5 , is well studied in asymptotical collisionality limits, namely for the collisionless case where the 2D bounce averaged equation is solved and in the high collisionality limit where the classical Spitzer function 6 for homogenous magnetic fields can be applied. In contrast to the collisionless limit, for finite collisionality, the generalized Spitzer function has a finite value in the trapped region 7 (but smaller than in the high collisionality limit) and also has an offset in the passing region 8 . These features can qualitatively be reproduced by interpolation between asymptotical limits 9 . However, direct calculations of the generalized Spitzer function in the case of finite collisionality exhibits also a feature which can not be expected from such an interpolation. This feature is due to the symmetric part of this function with respect to parallel velocity, which is absent in asymptotical limits, resulting from the combined action of the magnetic mirroring and of the collisions. This part, which is localized around the trapped-passing boundary in the long mean free path regime, is also responsible for the bootstrap effect. As shown analytically in Ref. 10 and demonstrated later numerically in Refs. 11-13, In this paper the impact of finite collisionality on ECCD is studied with the ray-tracing code TRAVIS 19 using the local current drive efficiency in the non-relativistic limit without simplifications to the collisional model computed by NEO-2. The structure of this paper is as follows, in Sec. II the derivation of the parallel driven current density within the adjoint approach is presented, in Sec. III results of the current drive efficiency computed by NEO-2 as well as results from ray-tracing are presented for realistic plasma parameter profiles from an initial stage of device operation in Wendelstein 7-X, while in Sec. IV a conclusion of the observed effects is given.
II. CURRENT DRIVE USING THE ADJOINT APPROACH
A. Conductivity problem Following Ref. 14, the linearized drift kinetic equation ignoring cross-field drift for the current drive problem is given as,L
where f M is a local Maxwellian, g 3 is the distribution function driven by the parallel electric field, q 3 = v B is the source term for the conductivity problem, B is the magnetic field module, v is the parallel velocity module, andL 0 is an integro-differential operator defined
where v is the particle velocity module, λ = v /v = λ(ϑ, η) is the pitch parameter, h ϑ is the contra-variant poloidal component of the unit vector along the magnetic field line, ϑ is a field line parameter, andL C is the full linearized Coulomb collision integral including energy and momentum conservation. Operator (2) is written in terms of integrals of motion v and normalized perpendicular adiabatic invariant η = v 2 ⊥ /(v 2 B) which are conserved in zero order over the Larmor radius. Here, the cross-field rotation term was neglected because it has a small effect on this distribution function in finite collisionality regimes as well as at low collisionalities where the electrons are mostly in the 1/ν regime. Besides Eq. (1), function g 3 must satisfy two additional constraints which remove the null-space of this equation 14 ,
Eq. (1) is solved on a long enough field line, 0 < ϑ < 2πιN t , where ι is the rotational transform and N t 1 is a number of toroidal periods large enough to cover the magnetic flux surface in a way allowing for a sufficiently accurate interpolation. The distribution function g 3 is related to the generalized Spitzer function g sp , which is independent of collisionality in asymptotical limits, as follows,
πn e e 4 ln Λ ee ,
where l C is the mean free path, B ref is a reference magnetic field module, T e is the electron temperature, n e is the electron density, e is the electron charge, and ln Λ ee is the Coulomb logarithm as defined in Ref. 20 . The thermodynamic flux connected to the current drive problem is defined as,
where V e is the electron parallel flow velocity, < . . . > denotes neoclassical flux surface average (average over the volume between neighboring flux surfaces), the cross denotes an opposite parallel velocity sign, and the distribution function δf RF is the solution to the linear current drive problem,L
where
is a quasilinear particle source in phase space due to the resonant interaction with radiofrequency-waves, Γ 22 . Since these data should be used as input also for other applications, the focus was on the development of an interface allowing straightforward access to the precomputed results.
Data access
The generalized Spitzer function acting as a current drive efficiency in phase space has to be evaluated along the microwave beam propagating through the plasma. Therefore, it has to be known for any point (x, v, λ) in phase space, where
coordinates being the normalized toroidal flux, poloidal and toroidal angles, respectively.
From the local solution of the linear current drive problem g σ 3 (ϑ, v, λ), the solution to the 5D problem is reconstructed by linear interpolation over the radial coordinate and over the periodic Boozer angles. These periodic Boozer angles are related to the field line parameter ϑ via the relations,
where ϑ 0 and ϕ 0 are the starting points of the field line and ι is the rotational transform. takes almost no extra time due to the described data caching. Therefore, the usage of the NEO-2 interface does not significantly harm the interactive usage of TRAVIS.
III. RESULTS

A. Current drive efficiency with NEO-2
The impact of finite plasma collisionality on ECCD is investigated using plasma parameter profiles from the transport code NTSS 23 and a high-mirror configuration of Wendelstein 7-X computed by the equilibrium code VMEC 24 as depicted in Figs. 3 and 4 . The plasma parameters correspond to a collisionality at the onset of the long mean free path regime, where the collisionality is roughly three times smaller than needed for the plateau regime. Therefore, this profile represents an initial stage of device operation, where finite collisionality effects play a more significant role than at higher temperatures.
Heating by rf-waves is mainly performed close to the field maximum where the absorption of the wave energy by passing particles usually dominates the amount of energy absorbed by trapped particles. Therefore, the behavior of the generalized Spitzer function at spatial points around the field maximum is of special interest and is investigated in the following.
The magnetic field module at half radius is given in Fig. 4 , where some spatial points of interest are marked. Results of the generalized Spitzer function from NEO-2 for finite collisionality pertinent to given plasma parameters together with results for the long mean free path regime from the code SYNCH 25 for two different particle velocities, v = v T and v = 3v T , are presented in Fig. 5 . Here, v T = 2T e /m e is the thermal velocity, where T e and m e are electron temperature and electron mass, respectively. SYNCH is a fully relativistic code for the computation of the generalized Spitzer function in the long mean free path regime for general toroidal geometry and all types of flux coordinates. Both, the internal TRAVIS model, where the generalized Spitzer function is approximated in the collisionless limit, and the SYNCH model conserve parallel momentum. It has been shown that the high speed limit models can significantly underestimate the current drive efficiency in contrast to collisionless models with parallel momentum conservation 26 .
It can be seen that the generalized Spitzer function with finite collisionality effects taken into account is strictly antisymmetric only at the absolute field maximum, and nearly antisymmetric for points in the bean-shaped plane ϕ b = 0 in which the absolute maximum is located. For regions apart from the field maximum in toroidal directions, a significant symmetric part arises in the trapped region which can be explained by a combined effect of mirroring force and trapping/detrapping due to collisions. While finite collisionality leads to an offset also in the passing domain of the distribution function, the symmetric part is also of special interest because it is responsible for current drive by waves with symmetric spectra 10 . These effects become smaller at higher particle velocities where the distribution function converges to the collisionless limit.
In order to further investigate the symmetric part of the generalized Spitzer function, this function is integrated over the pitch parameter in the trapped domain,
with
where B max is the maximum magnetic field module on the flux surface. The distribution of the resulting scalar (13) over the angles (this quantity is identical zero in asymptotical limits) is shown in Fig. 6 function on almost the whole flux surface indicate significant symmetric parts of this function which would not be seen by collisionless models.
B. ECCD computations within a ray-tracing procedure
In TRAVIS the geometrical optics approach is used for the computation of ECCD, where the quasilinear flux density Γ i RF of Eq. (7) is described in a local approximation, i.e., it differs from zero in velocity space only at the resonance line where the (multiple) cyclotron resonance condition taking into account Doppler shift is fulfilled,
Here, ω is the wave frequency, n is the cyclotron harmonic index, ω c = ω c0 /γ is the relativistic electron cyclotron frequency, γ = (1 − v 2 /c 2 ) −1/2 is the relativistic factor, and k is the parallel wave vector with respect to the magnetic field. In this approach the wave-induced quasilinear diffusion flux density (7) is given as follows,
where D ij 0 are quasilinear diffusion coefficients. Then, Eq. (10) takes the form
The kernel is of the form 
Low and moderate density scenario -X2-mode
The common Wendelstein 7-X scenario for low and moderate plasma densities (n e < 1.2 · 10 14 cm −3 for 140 GHz and 2.5 T) for heating and current drive is the X2-scenario.
The restriction on moderate densities origins from the plasma wave cut-off. As seen from the total power absorption in Fig. 7 the wave amplitude has been set constant everywhere for simplicity. It should be noted that the integral kernel F depends on the spatial position, therefore it is different for different resonance positions, however, the change is minimal within the three depicted resonance positions and not of relevance for this qualitative view. As can be seen from Fig. 8 , the strong absorption of the X2-mode does not allow any power absorption by trapped particles, which is usually expected for X2-scenarii. In Fig. 10 , where the total driven current within the volume enclosed by a given flux surface is plotted, it can be seen that the collisionless model Scenario X2b (Fig. 11) , which is characterized by very low k , is special for X2 since almost the same fraction of energy is absorbed by trapped and passing particles in a very narrow absorption region (roughly 1 cm) after the cold resonance position. As a consequence, a current is driven by both, trapped and passing particles, which is significantly underestimated by the collisionless model. Again, in Fig. 12 the integral kernel (18) of the parallel current density is depicted for the finite and collisionless model. As can be seen, a significant fraction of resonance line 2 is located inside the deeply trapped region. In contrast to the collisionless model where the distribution function is strictly antisymmetric and the integral kernel vanishes in the trapped domain, this significantly increases the integral along the resonance line leading to a co-current by trapped particles. In Fig. 13 the total driven parallel current indicates that account of finite plasma collisionality for this particular launch angle leads to an increase of the total current by almost one order of magnitude.
This current increase mainly results from a non-vanishing symmetric part of the generalized Spitzer function in the trapped domain referred to as the "Helander-Catto-effect" 10 .
In addition, an angle scan over the toroidal angle β at a fixed poloidal launch angle α = 18.75 deg is given in Fig. 14 . As can be seen, for small toroidal launch angles, a significant amount of energy is absorbed by trapped particles, resulting in a current which is clearly underestimated by the collisionless model.
High density scenario -O2-mode
In contrast to the X2-mode, the plasma is optically gray for the O2-mode, thus the energy of the wave is not fully absorbed within a single pass. The cut-off density is twice the cut-off density of X2, which makes the O2-scenario applicable for high-density plasmas. 2D launch angle scans in Fig. 15 , similar to scans of Fig. 7 for X2, show that the sign of the total driven current by passing particles is mainly determined by the toroidal launch angle which mainly determines the parallel wave number k . However, the sign of the total current driven by trapped particles is mainly determined by the poloidal position of absorption region. This is in agreement with the behavior of the pitch-angle integral of the generalized Spitzer function in the trapped domain (13) in Fig. 6 . Also for the O2-scenario two particular launch angles are investigated, namely (α = 5 deg, β = 20 deg), which is the same as X2a, and (α = 0 deg, β = −10 deg), which are in the following referred to as O2a and O2b, respectively. In launch scenario O2a (Fig. 16 ) a major fraction of energy is absorbed by passing particles before the cold resonance surface, and a significant amount is also absorbed by trapped particles after the cold resonance surface. The resonant parallel velocity changes its sign after the cold resonance position, thus leading to both, co-and counter-current by passing particles at different sides of cold resonance, respectively. However, the significant amount of trapped particles involved in the absorption process leads to a pertinent current in particles and almost no contribution from trapped particles. As can be seen in Fig. 18 , the increase of the total driven current by passing particles is mitigated by the different sign of the current by trapped particles. In order to maximize the current drive, a scenario has to be found where both, current driven by trapped and passing particles, have the same sign and where absorption processes prohibits damping of the current due to the change of the sign of the resonant parallel velocity when passing the cold resonance position. Such a launch angle scenario has been found and is presented in the following.
In scenario O2b (Fig. 19 ) the current by trapped particles significantly increases the total driven current since the counter-current by passing particles is not strong enough to mitigate this effect. In Fig. 20 , where the current density kernel (18) is plotted, it is clearly seen that at resonance position 1 the whole current is produced by passing particles, while in contrast to the collisionless model, at positions 2 and 3 there is a non-vanishing contribution to the generated current in the trapped domain close to the boundary layer. As seen from the total driven current in Fig. 21 , the collisionless model underestimates the current by 60%.
Out of all figures, Fig. 19 is the best to illustrate all three current drive mechanisms involved, which do not require momentum input. First, and the strongest of them, is the Fish-Boozer mechanism 3 which results from the dependence of momentum relaxation time on the position in the velocity space due to such a dependence of the local collision time. This mechanism prevails in velocity space regions where F is negative for v > 0 and, respectively, positive for v < 0 (F is with high accuracy antisymmetric there). Another mechanism can be called a "collisional Ohkawa effect", called also a "trapped particle effect" in Ref. 28 . This mechanism also follows from the momentum relaxation time dependence on the velocity which is induced now by the proximity of the trapped particle region ("momentum loss cone"). The region where this mechanism prevails can be seen in the collisionless figure, Fig. 19 (right) , near the trapped-passing boundary in the passing particle domain. There, the sign of F changes to the opposite with respect to the sign of F in the regions with Fish-Boozer mechanism. It should be noted that the term "collisional Ohkawa effect" is used here in order to distinguish from the conventional Ohkawa effect 29 , where the current is generated by rf-diffusion alone which enforces the particle exchange between trapped and passing regions. In turn, the "collisional Ohkawa effect" does not require the capability from the rf-diffusion to move particles into the loss cone directly. It is sufficient for this diffusion just to move particles closer to the trapped-passing boundary and the rest is completed by collisions. Finally, in addition to these two mechanisms which are basically described by the antisymmetric part of the generalized Spitzer function, also the "Helander-Catto mechanism" can be seen in the collisional figure, Fig. 19 (left) , where the symmetric part of F makes a contribution in the trapped particle domain and in the vicinity of the trappedpassing boundary in the passing region.
IV. CONCLUSION
It has been shown that finite collisionality effects have an impact on the total current driven in both, ECCD scenarii where the wave energy is fully absorbed by passing particles and in scenarii where also trapped particles are involved in the absorption process.
For proper description of these effects the generalized Spitzer function was computed by the drift kinetic equation solver NEO-2 for a high-mirror configuration of Wendelstein 7-X using realistic plasma parameters representing an initial stage of device operation without simplifications on the collisional model. This 5D function is used in the ray-tracing code TRAVIS and extends its various collisionless models. From the NEO-2 results it is seen that the generalized Spitzer function exhibits symmetric parts, which are responsible for current drive by waves with symmetric spectra 10 , which can not be expected from interpolation between asymptotical collisionality limits. The impact of finite collisionality is not only restricted to the trapped domain but also leads to an offset of the generalized Spitzer function in the passing domain and therefore to an increase of its antisymmetric part. This is investigated in more detail in Ref. 8 . However, the significance of these finite collisionality effects decreases at higher particle velocities and lower collisionality, respectively. While the strong absorption of the X2-scenario for low and moderate densities results in efficient cur-rent generation, in high density plasmas this mode can not propagate through the plasma because of the wave cut-off. For such scenarii heating and current drive with the O2-mode might become necessary. Since the overall low absorption of the O2-mode, also multi-pass scenarii are planed, while in this paper only the first pass was investigated.
It has also been demonstrated that the precomputation not only is possible for flux surface averaged quantities such as diffusion coefficients, but also for the high dimensional distribution function. Various techniques such as usage of the HDF5 data storage format and data caching capabilities of the provided data interface, allow straightforward and fast access to the data. The precomputation would not be possible within reasonable effort without the efficient parallelization of the code NEO-2.
The ray-tracing code TRAVIS uses a fully relativistic approach for the computation of the resonance condition and the absorption and emission coefficients. Up to now, NEO-2 models the generalized Spitzer function in the non-relativistic limit (for the applied plasma parameters, this does not produce any significant error in ECCD calculations). However, this is not a limitation of the code itself and can be generalized using a collision operator treating relativistic effects. This is a pending task for the nearest future. presented have been achieved in part using the Vienna Scientific Cluster (VSC).
